Abstract: Ultrashort pulse laser micromachining is an advanced materials processing technique that allows "cold cutting" of almost any material. This is especially of interest in the semiconductor industry, where mechanical cutting of wafers generates large amounts of waste -if laser micromachining could be applied here, there is the potential for huge increases in the efficiency and flexibility of semiconductor manufacturing. The biggest barrier to industrial application of this technology is the cutting speed, however by tailoring the pulse properties, we hypothesise that machining speed can be increased greatly. The commonly used metric for evaluation of laser micromachining is the ablation threshold -the energy density required to cause material ablation. In this study the effect of incident laser wavelength on the ablation threshold for materials of interest for microfabrication (e.g., silicon) was investigated. This was achieved using a Ti:Sapphire pumped optical parametric amplifier (TOPAS-C) producing femtosecond pulses (τ = 110 fs, repetition rate = 1 kHz) with wavelengths ranging from 400 nm to 1200 nm using the D-Scan technique. Future work will employ advanced beam shaping technology to tailor pulses in both the spatial and temporal domains to further improve machining efficiency.
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Introduction
Microfabrication processes have a crucial role in production and development of the electronic devices that are in use in everyday life. For integrated circuit production, processes such as vapour deposition, lithography, and etching are highly developed, to the point where feature sizes of 14 nm are achievable and in use for device manufacture [1] . By contrast, chip dicing methods still rely on conventional mechanical means such as sawing or grinding. These technologies limit the minimum Kerf width to ~10 µm [2] , leading to material waste, as well as placing restraints on allowable cut geometries. Laser micromachining is one technology with the potential to perform these processes with similar or superior accuracy, and allow a greater range of machined shapes.
Laser micromachining is a technique that has generated immense interest from wide areas of industry owing to the various advantages of laser processing compared to more conventional mechanical cutting methods. The advent of ultrashort (i.e., femtosecond) laser micromachining has enhanced this further, by allowing materials to be machined regardless of their individual optical absorption properties via multiphoton absorption and other nonlinear mechanisms [3] . The ultrashort duration of the laser pulse also has the effect of reducing, or eliminating entirely, the heat affected zone around the machined region [3] . This is an attractive prospect, especially for materials such as sensitive Si-based microelectronics.
The major drawback and barrier to widespread industrial implementation of femtosecond laser micromachining in this area is its relatively slow processing speed. Cutting speeds up to 9.2 mm/s have been reported [2] , however the line focus used to improve cutting speed removes the ability to cut nonlinear shapes. Net cutting speeds on the order of 8 µm/s [4, 5] are more typical, however the thin wafers (i.e., low cutting depths ~50 µm) used in these studies limit applications to solar devices rather than the thicker silicon typically used in heterojunction devices [6] .
Much of the research in this area to date has focused on determining optimal machining parameters by varying parameters such as speed, pulse energy and pulse overlap; there has been little investigation into tailoring the laser pulses themselves to optimise the laser-matter interaction. In this study we attempt to determine the effect of laser wavelength on the ablation threshold -a parameter that characterises the energy required to cause material ablation.
Materials and methods
Optical setup
Laser machining experiments were carried out using a femtosecond laser micromachining system based on a commercial Ti:Sapphire amplified femtosecond laser (Mantis (oscillator) and Legend Elite (amplifier), Coherent Inc., USA). The 800 nm 110 fs pulse train, with a repetition rate of 1000 Hz, was directed to an optical parametric amplifier (OPA) (TOPAS-C, Light Conversion, Lithuania) which generates a tunable wavelength ranging from 300 nm to 2600 nm. This beam is then directed to a micromachining stage (IX-100C, JPSA, Inc. USA) where the sample is held and translated in three dimensions.
The light conversion process within the OPA uses a pump beam with 800 nm wavelength, horizontal polarisation, approximately Gaussian spatial profile with 8 mm 1/e 2 diameter. This is converted into a signal beam (1150-1600 nm) and idler beam (1600-2600 nm). A range of frequency doubling crystals are then used to generate the desired wavelengths as follows: 1200 nm uses the signal beam, 1000 nm uses the second harmonic of the idler beam, 800 nm uses the second harmonic of the idler beam, 600 nm uses the second harmonic of the signal beam, and 400 nm uses the fourth harmonic of the idler beam. Beam size and spatial profile were unchanged for each wavelength, however polarisations differed as follows: 400-600 nm were horizontally polarised, 800-1200 nm were vertically polarised. Changes in polarisation are known to affect nanostructure orientation and channel depth [7, 8] , however there is no evidence that this affects the ablation threshold.
Recent results have also shown that the numerical aperture, and thereby the beam waist, can also have an impact on the femtosecond laser ablation threshold [9] [10] [11] . For this reason, the focusing optics were identical for each wavelength, using a 50 mm focal length lens (25.4 mm diameter -LA1131-ML, Thorlabs Inc., USA).
Materials
Samples used for machining were polished, monocrystalline, undoped Si, <100> orientation, 275 µm thick (Semiconductor Wafer Inc., Taiwan).
Ablation threshold measurement
The ablation threshold was measured using the diagonal scan technique first proposed by Samad et al. [12] . This entails a sample placed in the beam path of a focussed laser beam, located above the focal point. The sample is then translated along the y and z-axes simultaneously (i.e., the directions perpendicular and parallel to the optical axis) so that it passes through the focal point. This process is illustrated in Figure 1 . This results in the formation of a machined feature with a characteristic 'two lobe' shape (seen in Figure 1 ), allowing the ablation threshold to be calculated from the measurement of a single dimension (the maximum radius of the ablation feature) using equation (1) . The method does not require measurement of beam parameters such as beam waist, position, or focal length, making it a faster and easier method than techniques such as diameter regression [13] .
where F th = ablation threshold in J/µm 2 , E 0 = pulse energy in J, ρ max = maximum damage radius in µm.
Incubation effects (changes in the ablation threshold for different numbers of incident laser pulses) can also be investigated using this method. The number of overlapping pulses can also be calculated from measurement of the ρ max dimension, as well as knowledge of the laser repetition rate f and sample translational speed v y as seen in equation (2) [14] [15] [16] . 
Diagonal scans were completed at a range of different translational speeds to determine the incubation behaviour of the material at each laser wavelength, with five different profiles being machined under each set of conditions. Neutral density filters were used to adjust the power of the beam after the output of the OPA to obtain the required 'two lobe' ablation profile.
Surface analysis
Laser machined surfaces were examined using a Contour GT-K optical profiler (Bruker Nano Inc., USA) to generate 3D surface plots. From these the maximum damage radius was measured. Figure 2 shows example surface plots of ablation profiles machined into the silicon sample; the smaller feature (A) has greater pulse overlap than the more elongated feature (B). The characteristic 'two lobe' profile can be seen, however there is clear asymmetry around the centre. The left side of the feature was machined with the focal point above the sample, and since these experiments were carried out under ambient conditions, we attribute this asymmetry to distortion caused by non-linear effects at the focal point. This phenomenon is consistent with that seen by Samad et al. [17] . Because of this distortion, the maximum damage radius (ρ max ) was measured from the right lobe only, where the distortions arising from non-linear effects are not observed as the sample is located above the focal point. Incubation curves are shown in Figure 3 for each of the wavelengths tested. All clearly show that incubation effects are occurring -the ablation threshold decreases with increasing pulses applied. These trends have been fitted to the incubation model described in equation (3), which describes the accumulation of defects in dielectrics [18] ( ) 
Results
where F th,N is the ablation threshold for N pulses, F th,∞ is the ablation threshold for ∞ pulses, F th,1 is the ablation threshold for one pulse, and k is the incubation parameter. Table 1 shows the fitted parameters for each incubation curve along with the corresponding R-squared value, indicating that the model fits the data well. There is little data in the literature with which to compare the results presented here, as most ablation threshold tests are carried out at a single wavelength of interest -usually around 800 nm, owing to the operating wavelength of Ti:Sapphire lasers that are most common for ultrashort pulsed lasers. In addition, studies concerning undoped silicon are less common than those investigating doped silicon, which has a significant impact on the ablation threshold [19] . However, the 0.589 J/cm 2 (single pulse) ablation threshold measured in this work for 800 nm is comparable to the 0.54 J/cm 2 measured by Shaheen et al. [20] (λ = 785 nm, τ = 130 fs). The 0.21 J/cm 2 (10 pulses, λ = 800 nm, τ = 50 fs) measured by Fang et al. [19] is lower, however the shorter pulse duration makes comparison difficult. The ablation threshold measured by Bonse et al. [21] (0.21 J/cm 2 , λ = 800 nm, τ = 100 fs) is also significantly lower, however a number of differences in crystal orientation, doping, atmospheric conditions limit the comparability of this work.
Bachman et al. [22, 23] observed an ablation threshold of ~0.2 J/cm 2 on silicon (λ = 400 nm, τ = 130 fs), supporting the trend seen in this work.
The results seen in Figure 4 (1-pulse and ∞-pulses ablation thresholds -parameters from incubation curve fits) indicate a peak in ablation threshold at 800 nm, with both thresholds decreasing as we increase or decrease wavelength away from 800 nm. This is a significant result that is relevant to industrial applications of femtosecond laser micromachining -most commercial ultrashort lasers have wavelengths ~800 nm owing to the pervasiveness of the Ti:Sapphire oscillator configuration. These results indicate that the choice of a different configuration, with wavelength higher or lower than 800nm, can improve the machining efficiency. The reason for the trend seen is difficult to determine. Ablation threshold models such as the Keldysh photoionisation model predict a generally increasing trend in ablation threshold with increasing wavelength, however there is some evidence that this model is too simple to reproduce observed ablation behaviour [24] . Our data follows this general increasing trend from 400 nm to 800 nm, but data at 1000 nm and 1200 nm demonstrates trends that are inconsistent with the Keldysh model.
Conclusions
Ultrashort laser ablation thresholds on undoped silicon were determined at a range of wavelengths from 400-1200 nm using the diagonal scan method. Significant incubation effects were seen at all wavelengths studied, which were fitted to, and found to be consistent with a defect accumulation model. The ablation threshold was found to be highest at a wavelength of 800 nm, which has significant implications for the choice of laser setup in industry. The ablation threshold values measured are consistent with already published values, however the trend with respect to wavelength is different to theoretical models found in literature. Further work will extend the range of wavelengths to determine the reason for the trend seen.
